Abstract. A hybridization procedure using mixtures of radioactive aminoacyltRNA is described for detecting new phage-induced tRNA species. Five phagecoded tRNA species have been identified from T4 phage infected bacteria and 14 from T5 phage infected cells.
Although the general process of viral replication is now quite clear, the exact details of the developmental mechanism still await elucidation. Reports from several groups have indicated that phage-specific tRNAs are induced when Escherichia coli is infected by T4 bacteriophage.1-3 We first described the synthesis of leucyl-and prolyl-tRNA coded by the T4 genome.1 A subsequent publication from another group4 confirmed these findings (in part) by reporting that T4 infection induces the synthesis of leucyl-, arginyl-, isoleucyl-, and possibly tyrosyl-tRNA. It appears, therefore, that several different tRNA species are specified by the T4 genome; however, the exact number and identity of these T4 tRNA molecules is uncertain. Whether phage-directed tRNA synthesis is a unique property of T-even phages only, or whether genetically different viruses are encoded with similar information, has not yet been satisfactorily answered. Because the procedure for detecting new viral species of tRNA is tedious, we sought a relatively simple method of answering the questions posed above.
Methods. E. coli B and E. coli F, grown in 3XD medium,5 served as hosts for T4 and T5 phages, respectively. After cell lysis, phage were isolated by repeated differential centrifugation, banded in CsCl, and dialyzed against a medium containing 0.9% NaCl, 5 mM MgSO4, and 10 mM phosphate (pH 6.5). DNA was prepared from these phage stocks by phenol extraction.6 E. coli B and E. coli F (7 X 108 cell/ml, each) were infected separately at a multiplicity of 6 with the appropriate phage. After 13 min and 20 min of infection at 37°C, with T4 and T5 phage respectively, replication was rapidly terminated and cells were collected as reported elsewhere.7 tRNA was isolated from uninfected and infected cells7 and further purified by chromatography on Sephadex G-100.1 Membrane filters (type B-6, Schleicher and Schuell, Inc., Keene, N.H.), were impregnated with denatured phage DNA by the procedure of Gillespie and Spiegelman.8
[3H]aminoacyl-tRNAs were annealed with DNA-filters in 50% formamide and radioactivity "fixed" to the filters was determined as previously described.1
Uninfected and infected tRNA preparations were charged with synthetases prepared from their respective soluble cell extracts by the method of Kelmers et al. 9 In addition, the enzyme preparations were batch-treated with DEAE-cellulose in 0.3 M KCl (pH 7.0) to reduce endogenous tRNA, filtered, and concentrated by precipitation with (NH4)r-SO4 at 70% of saturation (00C mixture was annealed with T4 DNA-filters. The filters were heated in H20 at 80°C after washing and T1 RNase treatment to release radioactivity into the aqueous medium. Table 1 shows the recovery of radioactivity from the filters for the 16 amino acids initially used for tRNA charging. Significant amounts of radioactivity were associated with 5 amino acids released from the T4 tRNA T4 DNA hybrid; namely, arginine, proline, glycine, isoleucine, and Uninfected and T4-infected tRNAs were acylated with a mixture of 16 [3H IL-amino acids (indicated above) and annealed with T4 DNA. Each annealing reaction contained two filters (57 mm diameter) impregnated with a total of 900 pg of T4 DNA; the [3H]aminoacyl-tRNA mixture (either uninfected E. coli, 180 jg containing 5.5 X 106 cpm, or T4-infected E. coli, 170 pg containing 5.2 X 106 cpm); 1.3 ml of 12 X SSC, pH 4.3; 3.9 ml of formamide; and water to a final volume of 7.8 ml.
After annealing for 4 hr at 350C, the filters were treated to remove nonhybridizable material.' The filters were finally heated for 1 hr at 800C in 10 ml of water; this extraction process was repeated once. To remove nucleic acid from the combined water extracts, which contained 97% of the radioactivity "fixed" to the filters, 150 mg of DEAE-cellulose (dry weight) was added and the suspension was shakenf or 2.5 hr at 250C. The DEAE-cellulose was filtered off and washed with water, and the filtrate was taken to dryness. The residue was dissolved in 2 ml of 0.2 M sodium citrate, pH 7.2, containing 0.2 pmol of each of the 16 amino acids shown above (nonradioactive) and chromatographed. 1040 cpm of the control E. coli tRNA and 25,400 cpm of the T4 tRNA were chromatographed as described under Methods. leucine. The isotope content of the other amino acids was not very different from those of the E. coli tRNA control. The slightly elevated counts for arginine and glycine in the control hybridization probably indicate the presence of trace amounts of endogenous T4 tRNA in the synthetlse preparation used for charging.
To facilitate the detection of radioactive isoleucine, which chromatographs immediately adjacent to leucine, the specific activity of [3H]leucine was kept relatively low in the tRNA charging reaction; this accounts for the low leucine counts recovered from the T4 tRNA hybrid. The total recovery of radioactivity chromatographed was 75-80%.
Individually acylated tRNAs from T4-infected cells were also used for hybridization in the absence and presence of excess E. coli tRNA, which served as a competitor. Table 2 shows that hybridization to T4 DNA, but not to T5 DNA, was observed for the same 5 amino acids and little, if any, dilution of "fixed" radioactivity was seen in those annealing reactions to which E. coli tRNA had been added. The low levels of "fixed" counts for isoleucine and proline reflect the low level of radioactivity present in the annealing mixtures containingT4 tRNAs acylated with these amino acids. For the 4 other radio- Trp 6.5 589 599 10 T4-infected tRNA (390 mg) was annealed to 2.82 mg of T4 DNA adsorbed onto 6 membranes (57 mm diameter) in a 15 ml annealing reaction containing 2 X SSC and 50% formamide as described in Table 1 . After annealing, filters were washed on both sides with 50 ml of 6 X SSC and on one side with 3 ml of 50% ethanol, extracted twice at 570C for 45 min with 15 ml of 50% formamide, and the combined extracts were dialyzed against water. DNA was removed by passage through 3 membrane filters (57 mm diameter) after adjusting the dialyzed solution to contain 2 X SSC. The filtrate was dialyzed against 0.1 mM magnesium acetate and concentrated for assay of amino acid acceptor activity. The acylating system (0.05 ml) contained 0.086 to 0.36 nmol of one [3H IL-amino acid indicated above; 3 lg of synthetase enzyme, DEAE-cellulose-treated; 10 mM Mg acetate; 5 mM KCl; 2 mM ATP; 100 mM Tris, pH 7.5; and the T4 tRNA preparation equivalent to an amount recovered from hybridization to 50 yg of T4 DNA. Incubation was for 15 min at 371C, after which the reaction was stopped by the addition of carrier rRNA and 10% trichloroacetic acid. The precipitate was collected, washed, and assayed for radioactivity. Acetylation with [3H ]methionine gave very high washouts (>5000 cpm) and, therefore, is not reported. Reactions containing [3H ]tryptophan were precipitated with ethanol, dialyzed, and then acid-precipitated as described above.
for phage T4. Uninfected and T5-infected tRNA from E. coli F was charged with a mixture of 15 [3H ]amino acids and annealed with T5 DNA. After washing and RNase treatment of the DNA-filters, some 21,300 cpm were fixed with T5-infected tRNA, while only 450 cpm were fixed with E. coli tRNA. Chromatographic separation of amino acids released from the T5 DNA indicated that significant radioactivity was associated with 10 different amino acids (Table 4) . Table 5 shows that when the annealing reaction is repeated with individually acylated tRNAs from T5-infected cells, the same 10 radioactive amino acids are complexed to the T5 DNA-filters; in addition, the tRNAs charged with radioactive lysine, alanine, leucine, and aspartic acid also show membrane-fixed radioactivity. Each of the T5 aminoacyl-tRNAs that hybridized to T5 DNA showed no significant dilution in the presence of competitor E. coli tRNA and no significant hybridization to T4 DNA. Infection of E. coli F with T4 phage results in the appearance of T4-specific tRNAs; no hybridization to T5 was observed (not shown).
Discussion. Hybridization with tRNAs acylated with a mixture of radioactive amino acids offers a relatively rapid scanning procedure for detecting the presence of phage-induced tRNA species. When tRNA from T4-infected E. coli was tested, this procedure indicated the presence of phage-induced tRNAs indicated above, and used for annealing to T5 DNA. The conditions for annealing, and the procedure used for the analysis of "fixed" radioactivity to membranes, were the same as described for Table 1 except for the following: The annealing mixtures contained 1 mg of T5 DNA and either 150 pg of T5-infected [3H]aminoacyl-tRNA (2.63 X 106 cpm, total) or 210 ug of E. coli F [3H Jaminoacyl-tRNA (2.55 X 106 cpm, total). The radioactivity "fixed" to the T5 DNA-membranes was removed as described under Table 1 and chromatographed to separate amino acids as described under methods.
for arginine, glycine, leucine, proline, and isoleucine, in good agreement with hybridization assays conducted with individually esterified T4 tRNAs and with aminoacyl-charging of T4 RNA isolated from T4 DNA * RNA hybrids. With T5-infected cells, annealing with mixtures of acylated tRNAs was partially incomplete compared with the number of aminoacyl-tRNAs which hybridized with T5 DNA when annealed singly. A partial explanation for this may be that the analysis of the amino acids "fixed" to the DNA-filters by the mixed charging procedure involves several additional steps (deacylation, elution, chromatography) compared with the direct counting of filters when single aminoacyl-tRNAs are used for annealing; thus, the chances of incurring losses are increased in the former method. Also, it is not possible to obtain optimal charging conditions for each amino acid in the charged-mixture procedure, i.e., optimal concentrations varied from 0.2 to 2 mM for the different amino acids.
In most instances, hybridization reactions containing singly-charged tRNAs yielded more "fixed" ['H Jamino acid per jig of DNA than when mixtures of aminoacyl-tRNA molecules were employed (correcting for differences in amino acid specific activities). This apparent discrepancy probably reflects the higher weight ratio of acyl-tRNA: DNA generally employed in the experiments of Tables 2 and 5 , which caused a higher degree of DNA saturation by the viral tRNA. Since the phage DNA was not saturated with aminoacyl-tRNA, calculation of the number of tRNA cistrons in the T4 and T5 genomes is not possible from these data. Also, if an amino acid tRNA species was not 100% (Table 3 ), the amounts of the different T4 tRNA species appear to be more consistent with each other if the differences in specific activities of the amino acids are considered.
Littauer and Daniel,4 using T4 N-acetyl-[3H]aminoacyl-tRNA, found hybridization with T4 DNA for the N-acetyl derivatives of leucyl-, arginyl-, and isoleucyl-tRNA. We agree with these findings, except that our results also include prolyl-and glycyl-tRNA species. Of the remaining 15 tRNA species, 14 showed no sequence homology to T4 DNA by the assay procedures used here, and one, tryptophanyl, gave unreliable results because of high washout values.
The experiments with tRNA from T5-infected cells suggest the presence of phage-specific tRNAs for most of the amino acids so far tested, except glutamic acid and cysteine. Under our conditions for acylation, glutamyl-tRNA formation was extremely poor and the specific activity of cysteine was among the lowest of the amino acids used. It is quite possible, therefore, that the T5 genome may code for a complete set of 20 tRNA species. On the other hand, the experiments with T4 suggest that only a limited number of tRNA species are newly induced. When the hybridization technique is used, it is difficult to exclude the presence of a particular tRNA species based on negative findings. Inability to detect a new tRNA could be attributed to (a) inadequate charging conditions for the new tRNA species, (b) the presence of extremely small quantities of the new tRNA, or (c) the use of radioactive amino acids low in specific activity. But even if some of these difficulties were responsible for our detection of only a few T4 tRNA species, they apparently did not hinder the detection of T5 tRNA species for most amino acids.
We conclude, therefore, that both T4 and T5 bacteriophages carry information for the synthesis of phage-specific tRNAs although the number and kinds of tRNA species differ for these two viruses. Whether or not these viral tRNAs play a functional role in T4 or T5 phage development remains to be established; however, if we assume that they do, then the known variations in the mechanisms of replication already established for different viruses would also be reflected in the tRNA's coded by the different viral genomes.
